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While it is known that physics can be split into several different fields, it may be foreign to
see how different fields of physics operate hand in hand with one another to solve complex
problems. For instance, Maxwell’s equations involving E&M for the propagation of electromagnetic waves can be used to understand light-based interferometry for astrophysics, which
directly led to the creation of intensity-based interferometry. Eventually, the measurements
and equations made by intensity-based interferometry would produce groundbreaking strides
in quantum mechanics through the direct measurement of singular particles. An in-depth
analysis of each of these connections and how they involved the physicists Hanbury Brown
and Twiss will be told in the form of a unique story, transitioning from one field to another,
showing the impact physics has and will have on understanding the nature of the universe
whether it be from the size of a star or the size of a singular particle.

Einstein’s Photon Discovery of Loaded Quantized Light
and the Singular Photon:
In the early stages of understanding the nature of light, classical physics had supported the
notion that light acted as a wave through its proof from Maxwell’s equations, the physics
behind all classical behavior of light along the entire electromagnetic spectrum.
However, during the late 1800s, physicist Philipp Lenard discovered an anomaly referred to
as the photoelectric effect where a light is shined onto a metal and emits photo-electrons as
a result of the light transmitting energy, and light with higher frequencies emit more
photo-electrons while light with lower frequencies emit less electrons10 . These experimental
observations added to the effective theories of physics where certain types of physics are
effective in specific realms. For instance, Maxwell’s equations are effective for classical
physics, and as such quantum mechanics is not as visible. However, when transitioning to
the anti-bunched single particles, Maxwell’s equations are no longer effective which is
where quantum mechanics steps in as the dominant form of physics.
Knowing that the wave model of classical physics is ineffective in explaining the
photoelectric effect, Max Planck had devised a quantum field theory of radiation that
suggested there is a minimum amount of energy that can be gained or lost by an atom in
order to emit electrons. Planck had referred to this as quantum where a photon has one
quantum of energy, but was hesitant to conclude that this observation yielded anything of
importance for the physical nature of electromagnetic radiation, and that it was only a
result of the absorption and emission process of the photoelectric effect13 .
However, Albert Einstein decided to apply Planck’s quantum field theory to the
photoelectric effect, theorizing that light was a collection of individual particles that each
contained a quantum energy (smallest energy possible for the particle to have) that are
absorbed by metals and induce emitted electrons8 .
While Einstein’s theory of light being a collection of individual particles was a
groundbreaking theory, there was not much evidence supporting his claim, especially
because Maxwell’s equations did not support the model of light acting as a particle. Willis
E. Lamb Jr. and Marlan O. Scully speak on the photoelectric effect in 1968:
”The physicists of the early years of this century deserve great credit for realising that
[something] had to be quantized. . .However once granted the existence of atoms, we shall
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see that all of the experimental photoelectric phenomena are described by a theory in
which the electromagnetic field is treated classically while only the matter is treated
quantum mechanically7 .”
The work of Lamb and Sully is meant to eliminate the photoelectric effect as conclusive
evidence of the existence of singular photons, and that more observations or physics
concepts would need to be added to the effective theory transitioning from classical physics
to quantum mechanics. Such a breakthrough would not be made until much later in the
1950s when two physicists by the name of Robert Hanbury Brown and Richard Twiss
discovered the detection of a singular photon based on an intensity correlation they
referred to as g 2 that would solidify the particle-wave nature of light. This discovery would
advance the effective theory of classical physics into quantum mechanics. Such a transition
meant that classical physics perceives light as bunched particles in a collection while
quantum mechanics perceives light as anti bunched particles that isolate one
photon/particle at a time.

Understanding Maxwell’s Equations and its Plane
Wave Solution:
Even though g 2 is a relation for quantum physics, the creation of g 2 was a result of solving
an astrophysics problem involving the measurement of the angular size of distant stars in
the universe. The story begins with Maxwell’s equations and their effectiveness in classical
physics3 :
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Maxwell’s equations boil down to saying that a changing magnetic field induces an electric
field and vice versa, and because of the cross product involved in equations (3) and (4), the
electric and magnetic fields are perpendicular to one another. From Maxwell’s equations,
the wave equation can be derived. Firstly, the curl of a curl can be taken of equations (3)
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Here, µ0 ϵ0 is defined to equal

1
,
c2

meaning that c =

√1
µ0 ϵ 0

= 3 × 108 m/s, otherwise known

as the speed of light. As a result, the wave equation has been derived from Maxwell’s
equation, written in terms of either the electric or magnetic field14 :
1
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1
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⃗ and B
⃗ Fields along the X-Y Plane2
Propagation of E
Both fields are considered to be everywhere in the x-y plane along the z direction (as
pictured on the leftmost axis above). As such, each field in its respective axis direction is
the magnitude of that field as the position z and time t changes, which (when looking at
the z axis) presents the perpendicular magnitudes of the electric and magnetic fields of the
x-y plane as a plane wave traveling in the z direction (as pictured in the rightmost axis
above), serving as the solution to Maxwell’s equations. Huygens principle can then be
applied to the plane wave solution, which interprets a plane wave as an infinite collection of
point sources that are correlated to one another by sharing the same phase.

Applying the Plane Wave Solution to Interferometry:
When using a singular point source from a plane wave as the incident light of a Michelson
interferometer (as shown below):

Coherence of a Singular Point on a Plane Wave
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the light is sent through a beam splitter, having some of the incident light travel to and
reflect off of mirror 1 or mirror 2 respectively (both of which are the same distance for light
to travel), then recombine to be detected and produce an interference pattern. By being a
singular point source as the incident light, it interferes with itself after passing through the
interferometer, and because a point source is always coherent with itself, an interference
pattern will be produced. The only way it does not get produced in this scenario is if the
length coherence (meaning the distance to and from mirror 1 and the distance to and from
mirror 2 necessary for interference of a singular point source) is altered for one pathway
and not the other3 .

Spatial Coherence of an Infinite Plane Wave5
The same concept can be applied to the use of two point sources from the same infinite
plane wave, except the coherence necessary to produce an interference pattern relies on
spatial coherence of the two point sources used, and whether or not they are in-phase with
one another. In relation to interferometry, this is related to the distance between the
interferometers that retains coherence and produces an interference pattern. Since an
infinite plane wave can be considered an infinite number of point sources with the same
phase, spatial coherence would be retained for all distances d used.

Light-Based Interferometer Used to Measure Intensity
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Conceptual Idea of Light-Based Interferometry
Applied to Astrophysics:
Now imagine that the infinite plane wave was reduced to a finite size (such as the size of a
star).

Light-Based Interferometer of a Finite Plane Wave Such as a Star
Huygen’s principle still reigns true that, while finite, the plane wave can be considered an
infinite number of point sources, all of which are in phase. However, the spatial coherence
based on the distance d between the mirrors of the interferometer now has a limit due to
the plane wave being finite. Regardless, the electric fields of both pathways in phase with
one another can be used to calculate the intensity5 where theintensity
2 is proportional to
sin(x)
2
· cos2 (x). This
the multiplication of sine and cosine terms I = |E1 + E2 | ≈
x
equation produces the following graph:
sin(x) sin(x)

Graph of the Intensity from a Light-Based Interferometer
Where



sin(x)
x

2

in the proportional relationship to the intensity prevents the intensity from

oscillating as a cosine wave forever, and diminishing the strength of the intensity as the
distance deviates from where the strongest intensity measurement was made (at x = 0).
This intensity graph can also be used to determine the visibility, which is an
interferometer’s ability to resolve stars at certain distances. The equation for the visibility 5
(otherwise known as g 1 ) is as follows:
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1

g ≡V =2

s
J1( dπσ
λ )

dπσs
λ

≡

Imax − Imin
Imax + Imin

(7)

In this equation, J1 is the first Bessel function, d is the distance between mirrors of the
light-based interferometer, and σs is the angular resolution of the star while Imax refers to
the maximum intensity measured (at x = 0) and Imin refers to the smallest measurement of
the intensity made right before it becomes 0.

Correlating Interferometer Mirror Distance to Angular
Resolution:
When focusing on the equivalency to the intensity based calculation, the visibility is
calculated using the largest measurement of the intensity and the smallest measurement of
the intensity, and at max can be 1. The visibility is related to the distance between the
mirrors of the interferometer (d) such that the bigger the distance, the smaller Imax is
measured to be, reducing the visibility value until the visibility is measured to be zero when
the two point sources are no longer spatially coherent (whether it be from measuring two
different beams of light from different incident light sources or from reaching the limit of d).

Bessel Function
The visibility is also referred to as the Bessel function which is represented by the equation
x=

dπσs
.
λ

The first zero of the Bessel function occurs when x = 3.83, and causes the

visibility to equal 0 which, when set equal to equation (7) involving the J1 term, produces
the following relationship for the angular resolution of a star5 :
Ds
1.22λ
=
Ls
d
Where σs is the angular resolution, Ds is the diameter of the star, Ls is the distance
σs =

between Earth and the target star, and λ is the wavelength of the light measured. This
relationship infers that, when trying to measure smaller diameter stars (DS ) that are

(8)
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further away from Earth (Ls ), the distance between mirrors of the interferometer need to
be increased to produce an angular resolution small enough to resolve such stars. However,
the limit of an interferometer’s angular resolution is determined by whatever distance d
produces a value of x = 3.83 for the Bessel function, meaning that the two point sources
are no longer spatially coherent and cannot be measured. For example, say the wavelength
of incident light measured for a distant star is 500nm and the maximum distance between
the mirrors is 5m.
1.22λ
d

Any star whose relation of

Ds
Ls

=

1.22·500×10−9 m
5m

≈ 5 × 10−7

≥ 10−7 is able to be resolved by this interferometer. This

method is how researchers were able to resolve and see Red Giants in the Orion
Constellation. However, if a star’s required resolution came out to be something smaller
such as 10−9 then the interferometer would be unable to resolve/see the star with the given
interferometer because the resolution of the interferometer is not small enough. Think of it
as a scale that increments by 1 from 1 to 10. The scale would be able to resolve every
integer from 1 to 10, but would be unable to resolve the decimal places such as 1.2, 3.4,
4.6, and so on from 1 to 10, so a decrease in the increment to 0.2 rather than 1 would be a
necessary fix, similar to decreasing the angular resolution σs to resolve smaller Ds ’s.

Two Telescope Light-Based Interferometry:
Light-based interferometers reigned as the dominant byproduct of understand visibility and
g 1 measurements of distant stars for astrophysics. A popular one amongst this type of
interferometer is the two telescope interferometer.

Ideal Two Telescope Interferometer Setup11
The two telescope interferometer is similar to the light-based interferometer diagram shown
earlier where a measurement of a finite plane wave (being light from a target star) is taken
for two points. The concept can be explained using a singular telescope where a mirror
that reflects the light back in the direction it came, towards a more central mirror that
creates two pathways for the incident light source to travel along, which are then reflected
to another mirror which then sends the two pathways onto a detector where their
interference pattern will be measured.
The same idea is done when presented with two telescopes, with the main difference being
that the telscopes no longer create two pathways of the incident light to travel, and instead
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has the uniform pathways exiting both telescopes interact with a detector to see if an
interference pattern is produced.

Realistic Two Telescope Interferometer Setup11
To ensure interference patterns and fringes at the detector for two telescopes is present, the
star should be located at zenith, the middle point between the distance of the two
telescopes since that position will create equal pathways for the incident light to travel for
each respective telescope. However, zenith is more idealistic than realistic because the
window of time where a target star is at zenith is small when considering the Earth’s
rotation, revolution, and movement through the universe just the same as the star being
measured, causing both the two telescope interferometer and the target star to be in vastly
different locations during a majority of the time measurements would be taken. As such,
the orientation and position of each path of the incident light needs to be corrected where
additional mirrors are added to delay the time it takes the incident light to travel from the
telescope to the detector in order to create similar distances for both pathways of light to
travel, and must constantly be adjusted according to the position of the target star relative
to us11 .
Additionally, the interference patterns are ensured to be a result of incident light from the
same source due to the classical plane wave behavior shown from Maxwell’s equations,
giving each respective point source on the plane wave the same phase. Like other
light-based interferometers, the two telescope interferometer suffered from physical
limitations that realistically made it hard to measure stars that needed a smaller angular
resolution. When d increases it presents a higher chance of error in measurements. At large
distances, it is difficult to keep the incident light paths of the light-based interferometer
steady.
To exemplify this difficulty on a smaller scale, imagine two lasers, laser 1 and laser 2, facing
one another along a straight line considered the normal. At small distances between the
lasers, there is a large margin of error where (for example) laser can be angled a couple
degrees away from the normal yet still have the light of the lasers align with one another
because the distance between the laser and the normal is minimal.
However, at larger distances between the lasers, that margin of error decreases significantly.
If laser one was still a couple of degrees off of normal, the distance between the two lasers
makes it so that the distance between laser one and the normal increases as well, making it
necessary for the alignment to be more precise but delicate to any disturbances that alter
the laser’s path along the supposed normal.
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The same concept can be applied to incident light paths in a light-based interferometer.
The mirror on one side may wiggle due to vibrations caused by machinery or earthquakes
while the other mirror experiences minor to no wiggling at all, making it strenuous to align
the incident light pathways and prevent desired interference patterns, which only becomes
worse the bigger the distance between the mirrors get.

Hanbury Brown and Twiss’ Intensity-Based
Interferometry:
It is evident how hard light-based interferometers were for resolving smaller and further
stars in relation to Earth, whether it be from external disturbances shaking the mirrors,
trouble aligning the mirrors to create interference patterns, or the increased size of d
making measurements more susceptible to error. These limitations of light-based
interferometers sparked the curiosity within scientists to question how d can be increased
to resolve smaller stars without the hassle caused by aligning mirrors far away from one
another.

Intensity Interferometer Diagram
A pair of revolutionary physicists named Robert Hanbury Brown and Richard Twiss took
hold of this question and strived to produce a solution, much to their success. Rather than
measure the interference patterns of the electric fields produced by each incident light
pathway in light-based interferometers, the two physicists proposed the theory of instead
using intensity-based interferometry. The concept would be to take two separate points of
a target star and calculate their intensities using the respective electric fields produced at
both points. From there, the intensities would be converted into electronic signals with a
numerical value that can be summed together to determine the angular resolution.
By using intensity rather than electric field interference, d could be made larger since the
measurement of the intensity at one point did not rely solely upon the placement of the
measurement of the intensity at another point. Additionally, alignment of separate mirrors
would no longer be an issue, making the calculation of the diameter of distant stars further
away from Earth easier than it is for light-based interferometry.
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Correlation of Intensity-Based Interferometry
Measurements:
While intensity-based interferometry did wonders for astrophysics research being able to
resolve stars further away, Hanbury Brown and Twiss faced much initial criticism because
the two point source measurements were not initially supported by Maxwell’s equations.
Removing the necessity of interference patterns means the plane wave solution and
interpretation of incident light could no longer be used, meaning that there was no longer a
way to correlate the two points and be certain that both measurements are taken from the
same target star since their phase no longer matters for the sake of the calculation. In
order to resolve this issue, Hanbury Brown and Twiss observed the variation in the
intensity measurements of both point sources, and theorized that if the intensity
measurements belonged to the same star, then the value of their variations should be the
same. Each measurement5 can be though of as I =< I > + < ∆I > where < I > is the
average intensity and < ∆I > is the variation/standard deviation in the average intensity.
We can then write I1 ± ∆I1 and I2 ± ∆I2 as our measurements. Then, each signal
measurement passes through an electronic high pass filter to filter out I1 and I2 but keeps
∆I1 and ∆I2 signals which we can multiply and average together and look like
< ∆I1 · ∆I2 >

(9)

Each ∆I can be thought of a set of random numbers such as (−0.2, +0.5, −0.6) or
(+0.1, −0.3, +0.2). If these were the ∆I measurements for the intensities measured of a
supposed target star, then the point sources are not from the same star because when
multiplied, there is no distinct correlation between any of the points, creating yet another
set of random numbers who, when averaged, will equal 0. On the flip side, the point
sources are ensured to be from the same target star if the ∆I1 = ∆I2 because equation (9)
essentially would multiply a random number times itself, meaning that all negative
numbers would become positive after its product with itself and that the average would
return a non-zero number.

Variations in Intensities w.r.t. Distance of
Interferometer Mirrors:
Hanbury Brown and Twiss’ improvement on interferometry was not immune from
limitations. While the distance d could be increased in order to resolve stars further away
and smaller in size, the intensity interferometer was still subject to the Bessel function
where at some larger value of d (in comparison to the light-based interferometers) within
the intensity interferometer, the ∆I values would be random from one another and imply
that the measurements I1 and I2 would not be from the same point source. In the context
of the Bessel function previously mentioned, this would be where the Bessel Function
equals 0 at x = 3.83, making the value of the visibility/g 1 equation (equation (7)) 0 and no
longer spatially coherent.

12

Average of Intensity Variations vs. d
The diagram above represents the result of equation (9) vs. the distance between the
mirrors of the interferometer d. With the switch to intensity interferometry, measurements
of distant stars were possible at distances d up to 200m which is 40x better than the
suppose 5m handicap of light-based interferometry. If the previous angular resolution
example was done using d = 200 m, then the angular resolution becomes:
σStar =

DStar
LStar

=

1.22·(500×10−9 m)
200m

= 2.5 × 10−9

With a smaller angular resolution, smaller stars could be resolved in the interferometry
measurements so long as

DStar
LStar

≥ 2.5 × 10−9 . This astrophysics improvement led to the

discovery of hundreds of more stars that were 100 times smaller and farther than the
farthest stars measured using a light based interferometer. This meant that stars such as
Betelgeuse with an angular resolution of 10−7 could be resolved and studied by a light
based interferometer, and a star such as Sirius with an angular resolution of 10−9 could be
resolved and studied using an intensity interferometer but never a light-based
interferometer because its angular resolution is too big to resolve Sirius.

Betelgeuse, with an Angular Resolution of 10−7 , Measured with a Light-Based
Interferometer9 .

Sirius, with an Angular Resolution of 10−9 , Measured with an Intensity-Based
Interferometer6 .
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g 2 Solidifying the Classical Understanding of
Astrophysics:
Now that Hanbury Brown and Twiss were able to measure the correlation between two
intensity measurements of distant stars through the variations in those measurements, their
next goal was to extend that measurement to the values5 of I1 and I2 alongside ∆I1 and
∆I2 using the equation g 2 .

g2 =

< I1 (t) · I2 (t) >
< I1 (t) > · < I2 (t) >

(10)

I1 and I2 can be rewritten as I =< I > +∆I(t) and substituted into the numerator of g 2 to
produce:
< I1 (t) · I2 (t) >=< (< I1 > +∆I1 (t)) · (< I2 > +∆I2 (t)) >
For this numerator, terms within the entire average can be distributed. Assuming that
< I1 >=< I2 > as the average intensity, the individual ∆I ′ s being multiplied by < I > are
random will equal 0, giving us the following equation for the numerator of g 2 :
< I1 (t) · I2 (t) >=< I >2 + < I > ∆I1 + < I > ∆I2 + < ∆I1 · ∆I2 >
< I1 (t) · I2 (t) >=< I >2 + < ∆I1 · ∆I2 >
g2 = 1 +

< ∆I1 · ∆I2 >
< I >2

(11)

g 2 Classical Measurement
g 2 is the definitive way of correlating two measured intensities using the variation in each
intensity measurement. If they are from the same point source5 , ∆I1 and ∆I2 are from the
same the same source then < ∆I1 · ∆I2 > is non-zero and positive, making g 2 > 1.
However, if the measurements are not from the same point source, then < ∆I1 · ∆I2 > is 0,
making g 2 = 1. It is important to note that these results are purely classical, and because
of the term of 1 in g 2 , no classical result of g 2 can be less than 1.
As further evidence to support intensity interferometry, Hanbury Brown and Twiss used g 2
as a way to reverse engineer Ls and Ds from the intensity variations. To do so, they took
the results of known stars that have plenty of data to support the specified measurements
of Ds and Ls of that respective star. Knowing those values, the two theorized that, using
the intensity interferometer to measure their target star, knowing the intensity variations,
they would be able to work their way backwards to produce the same Ds and Ls
measurements made by researchers who used light-based interferometry.
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Theorizing that Quantum Mechanics Determines
g 2 < 1:
With the assertion that intensity interferometry was a viable form of astrophysics studies
and g 2 being a reliable calculation, questions were presented about the possibilities of g 2
values, namely whether or not g 2 could be less than the classical limit of 1. With no clear
answer, Hanbury Brown and Twiss began working together to devise an experiment using
g 2 to produce a value of g 2 < 1 and understanding the why and how behind such a result.
With the certainty knowing that classical light cannot produce a value of g 2 < 1, the two
physicists had to perceive light differently from the classical basis that inspired their work
on the intensity interferometer5 .

g 2 Quantum Mechanics Measurement
With no relevant use of classical physics for producing a g 2 value less than 1, one can refer
back to the photoelectric effect as inspiration for the direction Hanbury Brown and Twiss
took in constructing their famous experiment. Recall that from the photoelectric effect, it
was merely theorized that the existence of singular particle behavior was present, however
there was no evidence to support such a claim. The initial mathematical work done to
prove the presence of a singular photon did not require the quantization of electromagnetic
waves, treating them as if they were classical, producing the same result as if the photons
were considered to be classical in the first place7 .
Regardless, the theory of light acting as a singular particle was still enticing, and as such
led Hanbury Brown and Twiss to take away their scope of astrophysics for the time being
and enter the world of quantum mechanics in hopes of producing g 2 < 1. Their theories
and work would yield one of the greatest discoveries in quantum mechanics, being the
detection of a singular photon through the proclaimed Hanbury Brown Twiss experiment.

Hanbury Brown Twiss Experiment Setup:
The initial pieces of the HBT experiment is an assortment of half wave plates, mirrors,
lenses, and fiber couplers as pictured below both ideally and practically when set in the
laser lab at Bridgewater State University.
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Hanbury Brown Twiss Experiment Setup Beam Pathways4 (Left) and BSU Laboratory
Setup Replication (right)
In the HBT experiment, intensity is proportional to n where n is the number of counts of
particles from a respective beam path. As such, equation (10) can be interpreted as5 :
g2 =

< n2 (t + τ )|n1 (t) >
< n1 (t) > · < n2 (t + τ ) >

(12)

g 2 utilizes the coincidence measurements between two respective detectors in order to
produce a value. Coincidence in the context of < n1 (t) > means when making a
measurement in detector 0, how many times is there also a measurement in detector 1.
< n2 (t + τ ) > is similar to the previous coincidence description with the only distinction
being how many times there is also a measurement in detector 2. Lastly,
< n2 (t + τ )|n1 (t) > means given a measurement in detector 1, how many times is there also
a measurement in detector 2. The measurements of this experiment are done across a span
of times t where the measurement of the coincidence between detectors are measured at
one instance in time t, and the coincidence measurement between detectors 0 and 2 are
done at a later point in time t + τ .
The experiment begins with the items contained in the blue box region of the diagram
above. The experiment begins with a 405nm laser (represented by the blue beam in the
leftmost diagram above) emitted.

The Creation of Entangled Photons:
The blue laser light is subjected to a half wave plate and a polarizer which, in combination
with one another, places the laser light at a 45o angle composed as a superposition of being
horizontally or vertically polarized. Afterwards, the blue laser light interacts with a
spontaneous parametric down converter crystal. This crystal is vital for the Hanbury
Brown Twiss experiment because it creates an entangled pair of photons.

Hanbury Brown Twiss Experiment Creating Entangled Photons4
In order for the crystal to create a pair of entangled photons, energy and momentum must
be conserved. The splitting of the blue laser light into two entangled photons means each
entangled photon must have half the energy the blue laser light had, and (because
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wavelength and energy have an inverse relationship) double the wavelength, meaning that
each entangled photon has a wavelength of 810nm, both emitted at the same angle of 4o
from the box containing the blue laser4 . The entangled photons are named the signal and
the idler.
The devices leading up to the crystal are responsible for the creation of a singular photon.
While theoretically sound, experimentally is difficult to do since there is only a 1 in 1011 ’th
chance of it happening. While the probability of a singular photon being split into
entangled photons is low, the laser is constantly emitting thousands of photons through the
experiment leading up to and all the way through the crystal4 . Statistically, this will make
the singular photons interact with the crystal more frequently.

Pathway of the Entangled Photons Through HBT
Experiment:
The key factor to the crystal is that, due to the conservation of energy and momentum, the
crystal will always create an entangled pair of photons. As such, a signal and idler will exit
and hit the mirrors and fiber couplers pictured in both diagrams above (also traced in the
leftmost diagram above). Once the signal reaches the fiber coupler, it does nothing more
than get sent straight to detector 0.

Pathway of Entangled Photons from Fiber Couplers to Detectors4 (Left) and BSU
Laboratory Replication (Right)
The importance of the entangled photons is that the existence of one guarantees the
existence of the other photon, so measuring a count in detector 0 of the signal, it is
guaranteed that an idler is traveling throughout the experiment to be measured. The idler
photon has a more important piece to the puzzle that is the Hanbury Brown Twiss
Experiment because the idler will pass through a beam splitter (similar to the setup of the
Mach Zehnder Interferometer) where there are two separate paths of travel where one leads
to detector 1 and the other leads to detector 2. The idler and the count measurements of
detectors 1 and 2 will be the primary source in telling us the success or failure in measuring
a singular photon.

What the Results of g 2 Conclude:
As stated previously, the idler is the central focus of the Hanbury Brown Twiss experiment,
as it is the object undergoing the g 2 measurement, whose result determines if a singular
photon is being measured due to quantum mechanics, or if classical light is being
measured. Should the idler produce g 2 ≥ 1 then it is certain that the idler measured
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behaved classically where a measurement was made from detector 1 and detector 2 due to
Maxwell’s equations, the plane wave solution, and Huygens principle where the infinite
plane wave is split into two and plane waves of infinite point sources correlated by having
the same phase. As well as Hanbury Brown and Twiss’ work creating the intensity
interferometer and proving through Maxwell’s equations, the plane wave solution, and
Huygens principle that all classical measurements of g 2 are greater than or equal to 1.
On the other hand, should g 2 < 1, then that serves as definitive evidence that the
measurement made in the experiment was of a singular photon since no classically-behaved
light could produce such a result for g 2 . Maxwell’s equations, the plane wave solution, and
Huygen’s principle are all dissipated since those classical understandings of light cannot
produce a g 2 value less than 1. This leaves the only reasonable conclusion that quantum
mechanics is at hand, allowing the direct measurement of a singular photon.

Classical Behavior of Bunched Photons Interacting
with a Beam Splitter:
To better understand this concept of the idler acting classical or quantum mechanical, one
can look at the behavior of the respective physics interpretations of light in relation to a
beam splitter.

Classical Light Behavior in a Beam Splitter
Recall that, classically, Maxwell’s equations are upheld in explaining the nature of all
electromagnetic waves. As such, the plane wave solution and Huygen’s principle of plane
waves being made of an infinite number of point sources are both viable reasonings to use.
As such, when the beam splitter splits the classical light, it is actually splitting the plane
wave into 2 plane waves of bunched light, both of which are still subject to Huygen’s
principle and retain the same phase despite the interaction with the beam splitter. As
such, there will always be a measurement read from both possible pathways from the beam
splitter.

Quantum Mechanical Behavior of Anti-Bunched
Photons Interacting with a Beam Splitter:
When quantum mechanics are present, all classical principles no longer apply. Rather than
having a classical wave interact with the beam splitter, there will only be a singular photon.
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Quantum Mechanical Light Behavior in a Beam Splitter
It is important to remember that, when not being observed, a singular photon (in the
context of a beam splitter or interferometer mentioned previously) will produce an
interference pattern and measurement similar to the ones of similar to the classical results.
This is due to the single photon being in a superposition of traveling in both directions
where observers are unaware as to the certainty of the photon’s travel. However, once the
measurement is made, the photon’s location is immediately revealed, breaking the
superposition behavior of the singular photon, and because it is only one particle, it can
travel along one of the two possible pathways from the beam splitter, but never both5 .
The behavior of a classical wave and quantum mechanical photons is the central
understanding to what the result of g 2 communicates. Since an entangled pair of photons
are traveling through the experiment, there will be coincidence measurements where the
detection of the signal in one detector means there is guaranteed detection of the idler in
another detector. For instance, both classically and quantum mechanically, the signal and
idler will produce coincidence measurements between detectors 0 and 1, as well as between
detectors 0 and 2. Should the idler behave classically, then on top of having coincidence
between detectors 0,1 and 0,2, there will also be coincidence measurements between
detectors 1 and 2 due to Huygens principle and the classical light behavior as it interacts
with a beam splitter, as previously stated4 .
Should the idler behave quantum mechanically, it will (theoretically) produce zero
coincidence measurements between detectors 1 and 2. The reasoning why there are no
coincidence measurements here is because the singular photon is being measured directly
since it is determining how many times a photon from both pathways of the beam splitter
are being measured simultaneously4 . As stated previously, a singular photon, when
measured, cannot exist along both pathways of a beam splitter. It must strictly travel
along one pathway or the other but never both at the same time, and as such the
coincidence measurements of detectors 1 and 2 should be 0. Then, the singular photon still
produces coincidence measurements between detectors 0,1 and 0,2 because the photon is
not being measured directly, and is in that superposition of traveling both directions from
the beam splitter towards detectors 1 and 2.

Alignment and Maximization of Count Measurements:
With the theoretical understanding of the HBT experiment, the functionality of the
experiment can be calibrated to retrieve meaningful data for the count and coincidence
measurements.
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Initial Count and Coincidence Measurements of HBT Experiment Done at BSU
When starting this experiment, a meaningless amount of counts and coincidence
measurements were produced. The cause of this problem was that the laser or the
entangled pair of photons supposedly entering the fiber couplers were miss-aligned,
producing such low numbers. The first step in the realignment process was removing the
half wave plate1 and having the laser hit an alignment helper plate that comes with the
experiment tools, and identify on the three white markers the location of the blue laser
light.

Alignment of Mirrors and Fiber Couplers for HBT Experiment in BSU Lab Angle 1
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Alignment of Mirrors and Fiber Couplers for HBT Experiment in BSU Lab Angle 2
Once that is done, a laser alignment tool which shines a light through the fiber coupler be
used in the experiment can identify whether or not the laser will be aligned in the correct
direction once on. For it to be correct, the tracing laser must have the the height it hits the
alignment helper plate match the height that the laser comes in at, and it must also be
centered on the outermost white vertical white line, as well as a crosshair located after the
second mirror within the box containing the blue laser which can be seen in the rightmost
alignment picture above4 .
For one path of the two entangled photons, the fiber coupler’s vertical and horizontal knobs
would align the trace laser to the correct height and horizontal position on the thick piece
of glass while the mirror’s vertical and horizontal knobs align the trace laser to the
opposite side crosshair (if the fiber coupler aligned the trace laser to the leftmost vertical
white line, then the respective mirror would align the trace laser to the rightmost crosshair
as pictured below, and vice versa4 ). To ensure that this alignment was correct, the laser
was turned on while the half wave plate was removed and the trace laser still on, showing
visually whether or not the two were located at the same height.
The alignment process does not end there. With that done, the trace laser is removed, the
box meant to contain the laser is placed back on top, and the half wave plate is returned to
its rightful position in the experiment. The blue laser is turned on and the count and
coincidence measurements are shown. The vertical and horizontal knobs of each fiber
coupler are then adjusted one at a time to see what the maximum count and coincidence
measurements can be. If done properly, the count measurements should be at least dozens
of thousands for detectors 0 and 1 in order to have a reliable number of coincidence
measurements for g 2 ’s calculation.

Coincidence Measurements and Experimental g 2
Calculation:
Knowing all relevant information regarding g 2 and the steps necessary to align the
experiment’s devices, the calculation can be made using the following data produced by the
Hanbury Brown Twiss Experiment performed at BSU.
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Final Results of HBT Experiment Done at BSU
For the g 2 calculation, < n2 |n1 > (which is the coincidence measurements between detectors
1 and 2) is 9, < n1 > (which is the coincidence measurements between detectors 0 and 1) is
298, and < n2 > (which is the coincidence measurements between detectors 0 and 2) is 449.
g2 =

9
298·449

→ g 2 = 6.73 × 10−5

Error in Experimental g 2 Calculation:
While wonderful to see the result be less than 1, error in the experiment needs to be
accounted for. The error equation of g 2 is written as follows5 :

s 
2

2
∆N1
∆N2
Error = 2
+2
N1
N2

(13)

Where ∆N1 and ∆N2 are the errors in the count measurements of detectors 1 and 2
respectively. These errors are the anomalies known as dark counts that are a result of the
photodetector believing it interacted with a photon and measuring a count even though no
photon passed through, producing unwanted data of the experiment that need to be
accounted for in the calculations. Note that detector 0 is not necessary for this error
because (theoretically) one of the two entangled photons will always be sent to detector 0,
whereas the second entangled photon is set to either detector 1 or 2, but not both due to
the quantum mechanical nature of a singular photon passing through a beam splitter.
r 
2

2
2,000
2000
Error = 2 51,299 + 2 12,206 → Error ≈ 23.82%
With a g 2 measurement of 6.7 × 10−5 from the experiment, it makes g 2 ’s error ±1.6 × 10−5 ,
giving us the final value of g 2 = 6.7 × 10−5 ± 1.6 × 10−5 which, even when using the
maximum value of g 2 = 6.7 × 10−5 + 1.6 × 10−5 = 8.3 × 10−5 , g 2 is well below one, instilling
a high amount of confidence in measuring singular photons.

Evaluation of HBT Experiment and g 2 Calculation:
With g 2 being a value less than 1 (even when including the calculated error), it is definitive
proof that no classical physics could have produced it (as evident by g 2 Quantum
Mechanics Measurement Graph shown on page 14), and that the idler acted as a quantum
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mechanical singular photon that was directly measured from the Hanbury Brown Twiss
experiment, proving to be a success and the first ever measurement of a singular photon
performed at Bridgewater State University.
While it was explained that < n2 |n1 > should be 0, no experiment is without error, and a
source of error from this experiment is theorized to be from the scattering of light from the
filter in front of the crystal. While the crystal creates an entangled pair of photons, the
crystal itself does not block the rest of the laser light passing through it. The blocking of
unwanted laser light to only leave the entangled photons is a task for the filter directly in
front to prevent unwanted laser light from entering the experiment. However, the filter is
not perfect, and some of the light it blocks gets scattered, leading to some of the light
possibly scattering towards the mirrors and fiber couplers, producing the classical
coincidence measurement between detectors 1 and 2 rather than the desired quantum
mechanical measurement.
Overall, it is unique to see physicists curious to solve the issue of light-based interferometry
being handicapped by the possible distance d between the mirrors of the respective
interferometer end up creating groundbreaking discoveries for quantum mechanics, an
entirely different field of physics. Seeing the lines blended between these two fields of
physics serves as an example that physics (and science in general) fields are not locked off
regions with no correlation to one another. One can imagine how remarkable it was to take
an EM concept such as Maxwell’s equations (that focuses on electromagnetic wave
propagation) and apply it to light-based interferometers to measure the angular size of
distant stars, which directly led to the inspiration and creation of intensity-based
interferometry, which of course paved the groundwork for quantum mechanics to directly
measure a singular particle.
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Quality Pictures Taken in the Process of Acquiring
Data:

24

References:
1. ”A Science Kit for Quantum Mechanics.” quTools, https://qutools.com/qued/
2. Brooks, Doreen. ”Chapter 11: The Uniform Plane Wave.” SlidePlayer,
https://slideplayer.com/slide/13170936/
3. ”Easy Derivation of Maxwell’s Equations.”
https://www.asc.ohio-state.edu/wilkins.5/optics/Lectures/easymaxwell.pdf
4. ”Entanglement Demonstrator.” quTools, 19, Oct. 2021,
https://www.qutools.com/files/quED/quED manual.pdf
5. Fox, Mark. ”Quantum Optics An Introduction.” Oxford University Press, 2006, pp.
105-123.
6. Harvey, Alisa and Elizabeth Howell. ”Sirius: The Brightest Star in Earth’s Night
Sky.” space.com, 27, Jan. 2022,
https://www.space.com/21702-sirius-brightest-star.html
7. Lamb, Willis E. and Marlan O. Scully. ”The Photoelectric Effect Without Photons.”
University of Miami Center for Theoretical Studies, 1, Feb. 1968,
https://ntrs.nasa.gov/citations/19680009569
8. L’Annunziata, Michael F. ”Radioactivity Hall of Fame-Part III.” ScienceDirect,
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/photoelectriceffect
9. LLoyd, James. ”Is the Betelgeuse Star About to Explode?” Science Focus, 28, April
2020, https://www.sciencefocus.com/news/is-the-betelgeuse-star-about-to-explode/
10. Marghany, Maged. ”Synthetic Aperture Radar Imaging Mechanism for Oil Spills.”
ScienceDirect, https://www.sciencedirect.com/topics/earth-and-planetarysciences/photoelectric-effect
11. Martinache, Frantz. ”The Optical Stellar Interferometer.” YouTube, 23, June 2017,
https://www.youtube.com/watch?v=hWuE44C7zPk
12. Mattam, Jeslyin. ”Interferometry 1.” slideshare, 18, Sept. 2013,
https://www.slideshare.net/jeslinmattam/interferometry-1
13. ”Planck’s Quantum Theory.” lumen,
https://courses.lumenlearning.com/introchem/chapter/plancks-quantum-theory/
14. Weisstein, Eric W. ”Wave Equation.” MathWorld–A Wolfram Web Resource,
https://mathworld.wolfram.com/WaveEquation.html

